Household water in Oman, as well as in other countries in the region, is stored in tanks placed on house roofs that can be subjected to physicochemical factors which can promote microbial growth, including pathogens and opportunistic pathogens which pose health risks. Water samples were collected from 30 houses in a heavily populated suburb of Muscat. The tanks used were either glass reinforced plastic (GRP), polyethylene or galvanised iron (GI). Heterotrophic bacteria, coliforms, faecal coliforms and iron sulphur bacteria varied significantly in the three tanks. Yeast and mould count showed significant variations. Isolation of Aeromonas spp., fluorogenic and pathogenic Pseudomonas, Pasteurella, Salmonella, Serratia and Tatumella, and Yersinia and Legionella in biofilms varied in the three tanks. The fungi isolates in the three tanks were Penicillium, Cladosporium and Aspergillus. Nephelometric turbidity unit, threshold odour number and free chlorine varied significantly in the three tanks. True colour unit values did not show a significant difference; however, GRP tanks had algae, autotrophic and pigmented microorganisms. In addition, GI tanks had sediments and corrosion. The results of this investigation are important to evaluate the status of the present household water tanks in countries with high annual temperatures, which may affect public health.
INTRODUCTION
Microbial growth in distribution systems and storage tanks is well documented (Cook et al. ) . The universal occurrence of heterotrophic bacterial biofilms in water storage tanks is an indication that the environment is capable of supporting a diverse microbial population including pathogens (Carter et al. ) .
Desalinated sea water is the main source of domestic water for the residential areas of Muscat, Oman, similar to the other Arabian Gulf countries. The desalinated water is distributed through a network system from the main public water stations to the houses. All the water storage tanks have breather holes. The desalinated water is frequently inspected for its quality according to Omani Drinking Water Standards (Omani Standard number /). However, distributed water may be subjected to contamination during the process of distribution.
Today, most residential water storage tanks in Oman and elsewhere in the Arabian Gulf region are made from plastic material, whereas 20 years ago the majority of tanks were made from galvanised iron (GI). However, GI tanks are still used in some areas. Plastic tanks are available in two types: polyethylene (PE) and glass-fibre reinforced plastic (GRP). The reason for the replacement is that plastic tanks are about one-third the weight of steel tanks with as much or greater strength and also GI tanks are frequently subject to rust and corrosion.
water in general. Moreover, public awareness is lacking with regard to drinking water stored in household tanks.
Little is known about the presence of microorganisms, as well as the physicochemical factors that promote their growth in domestic storage tanks in the Arabian Gulf region. Drinking water contamination is frequently related to poor sanitation and hygiene which may be caused by abiotic factors which support microbial growth and cause deterioration in water quality (Pruss et The aims of this investigation are to compare the microbial populations in relation to physicochemical characteristics in the three household storage tanks (GRP, PE and GI) and to evaluate the corresponding drinking water quality. This will be achieved by determining the densities of heterotrophic microbial populations in the water in relation to its physicochemical characteristics, examining surface-adherent biofilms, and relating the physical conditions in the tanks to health issues.
METHODS

Study area
The study site was selected in North Al-Hail, a densely populated suburb in the city of Muscat, Oman, where the three main types of storage tank are used by the residents (Figure 1 ). The tank capacities ranged between 1,135.6 and 1,514 L. The study consisted of both high and low income inhabitants. However, the GI tanks were mostly used by the low income residents.
In Muscat, the upper range of ambient temperatures is [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] C between April and October, and the lower range is 16-35 C between mid-November and March.
Collection of samples
A total of 30 houses were randomly selected based on the type of holding tank, with 10 houses for each type. The procedures for sample collection and handling were applied as described Owing to the scarcity of water, residents are forced to use storage tanks. The effect of storage of water on health has not been investigated. Moreover, little is known about the behaviour of microorganisms in storage tanks, especially in temperate regions. Until it reaches a consumer tap, drinking water is exposed to several types of contamination.
Incidences of gastrointestinal illness were recorded at the time of sample collection. A questionnaire related to water quality and health issues was distributed to the inhabitants of the 30 surveyed houses in the study area. The questions are listed in Table 2 .
Microbiological analyses
Sample bottles and related glassware were cleaned with detergent followed by soaking in hypochlorite solution containing 0.1% free chlorine for 1 h and rinsed several times with distilled water. A final rinse was done using the chlorine-demand free water. All glassware was sterilised in a hot air oven at 170 C for 1 h. Seeking for alternatives was motivated by aesthetic concerns 
Physicochemical factors
Distilled and deionised water was used for physicochemical analysis (British Standard BS 6068 ). All glassware was The measurements of TDO, TDS, EC and salinity were done using field-equipped electrodes (Orion, USA).
Statistical procedures
A randomised sampling design was used with 30 houses in the sampling area selected. Sample sites were chosen using a 
RESULTS
Condition of the household storage tanks
The data of age of tanks, number of roof tanks, size of tanks, types of household pipe, washing frequency, presence of algae and autotrophic microorganisms, and detection of colour and odour are summarised in Tables 1 and 2 . Tanks which were 10 years old or more were all GI tanks with 100% having GI pipe networks. Algae and autotrophs occurred predominantly in GRP tanks followed by GI tanks, with most of odour and colour problems being reported in GRP and GI tanks. The most frequent washing of the tanks by the household owners occurred in GRP and PE and none from GI tanks. All GI tanks showed different degrees of corrosion.
It was observed that several manufacturers of GRP tanks used hazardous materials such as lead chromate which was the main source of contamination. One possible source of lead contamination was the pigment used in the painting of the inner surface of the tanks to prevent algal growth.
Health risk perception of the inhabitants
Based on the data obtained from the interviews during the field survey (Table 2) , it is apparent that various segments of the public have different perspectives of water quality problems. In addition, several inhabitants complained of gastrointestinal and related illnesses.
It is apparent from Table 2 , relative to the health issues, that most gastrointestinal (GIT) illnesses are related to water tank types and the piping used. The most frequent correlation with GIT illness was GI tanks, followed by GRP and the least by PE. The frequency of the gastrointestinal illnesses may be related to the types of tank and pipe used. For example, the occurrence of colour, corrosion and odour was frequently found in households using GI pipes with GRP and GI tanks. Inhabitants who used such systems had high numbers of cases of gastroenteritis. In addition, algal and autotrophic microorganism growth, especially in GRP tanks and to a lesser extent in GI tanks, may contribute to gastroenteritis (Tables 1 and 2 ). values of water colour in the three tank types, but the highest value was detected in GI tanks (Table 3) .
Physicochemical factors of drinking water
The pH values in all samples ranged from 6.8 to 7.6 with no variations between the tanks.
Counts of the microbial populations in the tested tanks
All samples contained non-coliform, non-spore forming heterotrophic bacteria while the THPC count was found to be significantly higher (P < 0.05) in samples collected from GI tanks (Figure 2 ). All the samples contained different members of the coliform group. The total count (TC) of coliforms was significantly higher (P < 0.0001) in samples collected from GRP tanks followed by the GI tanks and the values from the GI tanks were significantly higher than from the PE tanks (P < 0.05) (Figure 3) . In all samples, Klebsiella pneumonia, Enterobacter cloacae, E. sakazakii, Serratia marcescens, S. fonticola, Citrobacter freundii and C. koseri were found to be the predominant coliforms in all tank types with higher percentages in GRP when compared with PE and GI tanks. Tatumella ptyseos was isolated from GRP (6.1%) and GI (6.6%) tanks. Escherichia vulneris was found in GRP only at 8.4% (Figure 4 ).
The highest frequency of TIS bacteria was found in both GRP and GI tanks, while in PE values were significantly lower (P < 0.05) ( Figure 5 ). All water samples were found to contain TPB but in different frequencies. The count was highly significant in the PE and the GI tanks over the GRP tanks (P < 0.0001) (Figure 6 ).
Yeast and moulds (TYM) were detected in all tested
samples with the highest count being from the GRP tanks where Penicillium spp., Cladosporium spp. and Aspergillus spp. were in significantly higher numbers than in the other two tanks (P < 0.0001) (Figure 7 ).
Characterisation of surface-adherent biofilms in GRP, PE and GI tanks
Aeromonas spp., fluorogenic and pathogenic Pseudomonas spp., Pasteurella spp., Salmonella spp., Yersinia spp. and Legionella spp. were isolated from swab samples in the inner surface of the tanks, shower heads and inner tap faucets. GRP tanks supported the growth of target microorganisms (Figure 8 ). The microorganisms which were found in GRP tanks were isolated at different frequencies. Pseudomonas (fluorogenic and pathogenic spp.) were frequently isolated. Our findings are in agreement with these studies.
Although several different coliforms were isolated, E. coli was not detected from our three water tank types. The physicochemical factors examined in this study are similar to those recommended to be monitored internationally (WHO , Guidelines, Vol. 3; Standard Methods APHA/AWWA/WEF ). In this study, the highest value of NTU was significantly correlated with THPC,TIS bacteria, and pigmented bacteria, but was to a lesser extent correlated with the GI tanks. Egorov et al. () reported that an increase in effluent water turbidity in drinking water or household usage was a major factor in causing gastrointestinal illnesses. Therefore turbidity can be considered to be an important parameter for assessing water quality.
In this study, free chlorine was at low concentrations, while total chlorine was undetectable. Previously, it was reported that free and total chlorine residuals decreased rapidly with distance from the treatment plant ( The GI tanks were found to be corroded, and sediments of corrosion along with other contaminants were observed.
Iron and sulphur bacteria were isolated from all tanks but concentrations were significantly higher in GI tanks and least in PE tanks. THPC was also high in GI tanks followed by the GRP tanks. Iron and sulphur bacteria were detected in the majority of houses with GRP and PE tanks fed by a network of GI pipes. This study suggests that physicochemical factors can promote microbial growth and have a great affect on water quality, which may impact on public health. A study of materials used in the manufacturing of storage tanks reveals the need for a high level of inspection by the relevant government authorities, including frequent quality tests in accordance with applicable international standards. Greater public awareness is needed regarding water quality issues and health risks. These recommendations are of particular importance to high risk groups such as infants, the elderly and immunocompromised individuals. In addition, appropriate monitoring criteria should be established which ensures the delivery of safe drinking water to the entire population which may be affected by this contamination.
